Pentachlorophenol (PCP) and its derivatives are considered to be the precursors of dioxins, thus their concentrations in environmental compartments remain relatively correlated.
INTRODUCTION
Pentachlorophenol (PCP) was commonly used as a wood preservative biocide, fungicide, herbicide and defoliant. Uncontrolled usage of this chemical for decades in the 20 th century as a technical solvent containing about 14% of other, so-called microcontaminants including polychlorinated dibenzo-p-dioxins and dibenzo-furans, polychlorinated biphenyls, hexachlorobenzene, has resulted in an increased supply of PCP to agricultural lands, and hence an increased discharge into the Baltic Sea. The widespread occurrence throughout the environmental compartments causes a relevant concern about humans and other organisms (Furukawa et al. 2006) . PCP has been classified by the World Health Organization (WHO), the European Commission (EC), the International Agency for Research on Cancer (IARC) and the Convention for the Protection of the Marine Environment of the North-East Atlantic (OSPAR) as a priority pollutant, extremely hazardous and cancerogenic (Borysiewicz 2008) . In 2009, the PCP derivatives together with Na-PCP (sodium pentachlorophenate) and PCPL (pentachlorophenyl laurate) were submitted by Poland for the inclusion in the list of the Stockholm Convention (Niemirycz 2009 ). Unlimited usage, insufficient utilization of technical products containing PCP and its metabolites, relative resistance to biodegradation resulted in accumulation of this chemical in environmental compartments increasing their toxicity. Persistence and hydrophobic properties of PCP may be intensified due to changes in the chemical structure of the compound related to varying conditions such as pH decrease, depletion of oxygen saturation, low temperature or occurrence of possible reagents (Ingerslev & Nyholm 2000) . As an effect of this variability, PCP may become strongly hydrophobic. As long as its hydrophobic properties increase, it is easily adsorbed on solid particlesaerosols, suspended particulate matter, sediments (Routti et al. 2009 ). Enhanced lipophilic character intensifies the bioaccumulation potential and PCP is incorporated in the cells of organisms often causing irreversible changes in the populations of marine ecosystems considered most vulnerable to its effects (Muir & Eduljie, 1999) . The quality of the Gdańsk Gulf ecosystem is under the influence of the largest Polish river -the Vistula and the possible contamination supplied by the river inflow due to hydrological characteristics of the Gulf of Gdańsk, such as reduced dynamics and water exchange, regions of accumulation basin bottom, a high content of organic carbon and insufficient oxygen saturation. Sediments in the southern part of the Baltic Sea are considered to be a specific collector of organic pollutants, strongly resistant to abiotic and biotic degradation pathways. According to the data reported for the Vistula River, the PCP contamination in the surface water is insignificant (0.2 ng dm -3 ) (Dmitruk et al. 2006) . However, there are no available data on the PCP level in the sediment of the Gulf of Gdańsk, thus the presented study has focused on the determination of the PCP concentration in the marine sediments in this area and on the effect of bottom characteristics on the accumulation of PCP and its possible relation to sediment toxicity.
MATERIALS AND METHODS

Study area
Samples of marine sediments and bottom water have been collected during the cruises on s/v Oceania in 2011 (May -June). The study area included 10 offshore stations located in the Gulf of Gdańsk, Baltic Sea (Fig. 1) . Sampling locations were selected based on the lithological map of the southern Baltic Sea, in order to reflect the diverse nature of the basin bottom, the organic matter content and the dynamics of water masses. Sediment of fraction <2 mm has higher sorption capacity than sediment with particles >2 mm, therefore the regions of the basin bottom representing silty sediments are often much more polluted than the sands .
Sampling and conservation
Marine bottom sediment samples were collected by a Niemistö gravity corer. The collected sediment cores (0 -25 cm) were divided into 5 cm layer, and put into the polyethylene bags. In the laboratory, samples were stored in the dark at -21°C. Prior to analysis, the samples were air-dried (Wang et al. 2003 , Padilla-Sánchez et al. 2010 , then homogenized in a porcelain mortar. Stations 8, 12 (Gdańsk Deep) and 31 were selected for analyses of the whole sediment profiles (0 -25 cm). At other stations, only the surface layer of the sediment core was isolated for the analysis. Samples of bottom water were collected using a glass syringe from the top of the sediment cores. Parameters of liquid samples have been measured in situ.
Parameters of sediment and bottom water
Percentage of the water content in sampled sediment cores was determined by the gravimetric method, the content of organic matter was calculated and expressed as a loss on ignition (LOI) at 550°C to constant weight. In order to determine the type of bottom sediments, the sieve analysis was applied (mesh diameter: 2.0; 1.0; 0.5; 0.25; 0.125; 0.0625 mm), based on which the percentage of each sediment fraction was calculated. The clay fraction (ɸ<0.004 mm) was determined by the pipette method. Particle-size distribution was determined by Wentworth (1992) classification. Parameters of the bottom water were selected as to present the conditions at the boundary layer. Basic parameters such as salinity, temperature and oxygen saturation were determined using a multifunctional measurement device (EC410 ExStik II Conductivity/TDS/Salinity Kit). The oxidationreduction potential (Eh) was measured using a standard hydrogen electrode (SenTix® ORP 103648).
Toxicity assessment by Microtox test®
Toxicity of the collected sediments was measured by Microtox® using the Basic Solid Phase procedure, commonly applied for a sediment quality assessment (Salizzato et al. 1998 , Lahr et al. 2003 , Viganoet al. 2003 . The test applies a strain of marine bacteria Vibrio fisheri as a bioindicator. A byproduct of cell respiration is a visible light spectrum (VIS) occurring as a consequence of luminescence through enzymatic oxidation of luciferin by luciferase (Dunlap 1999) . The intensity of the emitted radiation is measured by a built-in photometer. The presence of harmful substances in a sample causes a decrease in luminescence and a decrease in the light intensity is calculated as toxicity. The results are calculated to the value of an effective concentration (EC50) causing a 50% decrease in the light intensity proportionally to a concentration of a xenobiotic present in a sample.
Verification of selected extraction procedures for PCP determination
In order to assess the efficiency of selected extraction techniques and to verify the effectiveness of the solvents, certified reference material (CRM131 − 100, 3190 ng g -1 PCP) from LGC Standards has been analyzed. Samples were extracted in a Soxhlet apparatus (5 h), in an ultrasonic bath (30 min) and a mechanic shaking system (15 min). In order to verify the effectiveness of the solvent, the extraction was carried out with methanol and acetonitrile. For each method, 5 g of solid material was used in a series of 10 parallel repetitions in order to calculate the parameters of validation -recovery and precision.
Purification of extracts and instrumental analysis of PCP
The extracts were purified on the Solid Phase Extraction system (SPE) using columns recommended for PCP − HyperSEP Retain PEP (3 mg/60 mg) purchased from Avantor Performance Materials (POCH). Columns were conditioned with 2 cm 3 of methanol and 2 cm 3 of 1% formic acid. A thin layer of copper powder was applied to remove sulfur compounds. In the next step, extracts were passed at a flow rate of 1 -2 cm 3 min -1 . After that, the columns were washed with Mili-Q water (2 cm 3 ) and PCP was eluted with 4 cm 3 of methanol. The obtained eluates were evaporated on a rotary evaporator and the dry residue was dissolved in 1.5 cm 3 of methanol/1% formic acid. Pentachlorophenol was determined using a high performance liquid chromatography (Dionex) with a UV-VIS detector at a wavelength of λ = 250 nm. Chromatographic column Hypersil GOLD PFP (150 mm × 2.1 mm 5 μm), thermostated at 60°C, was used. Mobile phases consisted of: A: water + 0.1% acetic acid, and B: methanol + 0.1% acetic acid (gradient: 5% B for 1.5 min, then to 95% B at 19.5 min, maintained for 1.5 min at a flow rate of 0.6 ml min -1 ).
Quality control procedures
The complete analytical procedure was validated by analyzing the reference material (CRM131 − 100, 3190 ng g -1 PCP) purchased from LGC Standards. Based on the results, the following validation parameters were estimated − the limit of detection (LOD) defined as 3 times the signal-noise ratio for 0.6 ng g -1 and the limit of quantification (LOQ) defined as 10 times the signal-noise signal for 2.0 ng g -1 . Linearity of the method is described by a calibration curve based on 7 standard solutions of PCP in methanol (0.5 -5.5 µg PCP cm -3 ) with a satisfactory correlation coefficient (r = 0.9983). Satisfactory recovery (R) and precision (RSD) were obtained for trace compounds calculated based on the analysis of 10 samples of certified reference material (CRM131-100, 3190 ng g -1 PCP) purchased from LGC Standards (R = 81.6; RSD = 5.7%).
RESULTS AND DISCUSSION
Verification of selected extraction procedures for PCP determination
Analysis of certified reference material (CRM131−100, 3190 ng g -1 PCP) revealed the most effective procedure of extraction and the most efficient solvent for this process. The highest recovery (R) and satisfactory RSD was obtained after extraction with methanol in a Soxhlet apparatus (R = 81.6%; RSD = 5.7%). The same method with the use of acetonitrile as a solvent gave much lower recovery (58.8%) and significantly higher RSD (17.2%).
Spatial distribution of PCP in the sediments of the Gulf of Gdańsk
The results of pentachlorophenol concentration in the surface layer (0 -5 cm) of the collected sediment cores from the Gulf of Gdańsk are summarized in Table 1 . The level of contamination with PCP varies in the range of < LOD at station 4 located in the vicinity of the Vistula River mouth to 179.31 ng g -1 d.w. at station 32 located north the Vistula River mouth. These two stations are not particularly distant from each other, but they are considerably different in the percentage of fraction ɸ<0.0625 mm (11% and 98%, respectively), due to sorption capacity of fine sediments, which increases the accumulation of hydrophobic compounds such as PCP.
Relevant differences in the concentrations of PCP between the stations located near the mouth of the Vistula River (31, 32, 33) , and the stations within the region of the Gdańsk Deep may be caused by the flood that reached the Vistula mouth in 2010. Sediment samples in the present study were collected in 2011 and as reported by Saniewska et al. (2014) , the levels of other contaminants (e.g. heavy metals) multiplied in this period as a consequence of the increased inflow of the river water into the Gulf of Gdańsk.
Concentrations of pentachlorophenol in the presented work are comparable to those recorded for estuaries of the North Sea (26.5 -200 ng g -1 d.w.) and southern estuaries of the Baltic Sea, coastal sediments in the Netherlands (15 -200 ng g -1 d.w.) ( Table 2 ). The determined level of PCP exceeded the PNEC (Predictable No Effect Concentration) of 25 (ng g -1 d.w.) at stations located in the central part of the Gulf of Gdańsk (31, 32) and also at the station located at the Vistula River mouth (2).
Vertical distribution of PCP in sediment from the Gdańsk Deep
Profiles of PCP concentration in sediment cores at stations 8 and 12 revealed different distribution patterns (Fig. 2a) . However, the level of PCP in the surface layer at station 8 is more than 2 times higher than at station 12, which could be related to physicochemical properties of the sediments, and this will be discussed in the next part of the paper. Station 31 is located north of the Vistula River mouth and the material deposited at this location is of different origin (Uścinowicz et al. 2003 ). In the 0 -5 cm layer, the PCP concentration is 58.88 ng g -1 d.w. and decreases to 7.48 ng g -1 d.w. at 5 -10 cm (Fig. 2b) , but increases to 29.62 ng g -1 d.w. in the deepest layer (15 -20 cm).
Relatively large vertical differences in PCP concentrations may be related to characteristics of the sea bottom, which is considered as a transitional type with a steep slope, therefore may affect a high variability of contamination caused by intensive resuspension and transportation processes of the material loaded by the Vistula River (Zalewski 2011 , Niemirycz 2011 . High concentrations of heavy metals (Hg, Pb, AS, Cr) have also been reported in this region, which confirms the hypothesis that this location is a place of intensified transportation and deposition (Uścinowicz et al. 1997 (Uścinowicz et al. , 2008 (Uścinowicz et al. , 2010 Szefer et al. 1995 Szefer et al. , 1998 Szefer et al. , 1999 Szefer 2002; Uścinowicz et al. 1997 Uścinowicz et al. , 2008 . A similar spatial distribution of heavy metals' concentrations may indicate that the increased accumulation of PCP in the sediments in this region is mainly caused by bathymetry of the sea bottom, when the high level at station 2 is possibly connected with a direct influence of the Vistula River inflow (Fig. 3) .
Based on the analysis of differences in the concentration of PCP in the sediment profiles at station 12 located in the vicinity of the Gdańsk Deep, a similarity was found in the distribution of PCP and HpCDF (heptachlorodibenzo p-furan) concentrations (Fig. 4) According to this interpretation of the congener profile, it can be assumed that the atmospheric deposition plays a significant role in the transportation of PCP to the Gdańsk Deep sediments, which remains in contrast to stations 31, 32, 33 being most likely under the influence of bathymetric characteristics of the sea bottom and station 2 − hypothetically under the influence of the Vistula River. Verification of the presented hypothesis, according to which atmospheric deposition is the main source of PCP contamination in the Gdańsk Deep region, is preliminary and requires further studies.
Toxicity assessment by Microtox®
The results of toxicity of the collected marine sediments assessed by the Basic Solid Phase Procedure are presented in Table 3 . In order to facilitate the interpretation of the toxicity results, TU was used, which is an inverse of EC50 [%] calculated according to the following equation:
The EC50 [%] value is compiled with the classification of Kwan and Dutka, the TU parameter − with Sawicki ( Table 4) .
Considering the TU value, only sediments from stations 8 and 12 were highly toxic (Fig. 5a, b) . At station 8, very toxic sediments occur below 5 cm, while the surface layer is non-toxic; high toxicity was observed in the surface layer of sediments collected at station 3, and significantly lower toxicity at stations 32 and 1 (Table 3) . Toxicity of sediments analyzed in this study is lower compared to studies conducted in the Gulf of Gdansk a few years ago, and studies carried out in the northern part of the Baltic Sea − the Bothnian Bay (Table 5) . A multi-component nature of the bottom sediments may cause a synergistic effect of different toxic substances accumulated in the sediment, and thus may increase the toxic effect, as well as the antagonistic effect causing a decrease in the toxicity. Due to the complexity of these processes, it is difficult to compare and interpret the results.
The relationship between the contaminant concentration and the sediment toxicity has been recognized by many researchers, both for heavy metals and persistent organic pollutants (Salizatto et al. 1998 , Lahr et al. 2003 , Parvez et al. 2006 ). However, there was no relationship between the PCP concentration and toxicity of sediments analyzed in this study. A similar variability was observed only for the pattern of PCP concentrations and toxicity at station 1. The surface layer was characterized by a high concentration of PCP and proportionally higher toxicity (Fig. 6) . However, the Spearman rank correlation test has eliminated a statistically significant relation between the concentration of PCP and the toxicity at the significance level of 0.05. A larger data set is required for a more detailed analysis of the relationship between PCP concentration and sediment toxicity. 
Accumulation of PCP -sediment/bottom water properties relationship
Based on the grain-size distribution analyses, the contribution of fraction ɸ<0.0625 mm has been calculated and classified according to Shepard`s classification triangle (Fig. 7) . The dominant fraction of sediments (44%) are silts, collected mostly from the Gdańsk Deep, 26% of clayey silts at stations 31, 32 and 33 (north of the Vistula River mouth), 30% of sandy silts and sandy sediments at one station (4) (Fig. 7) .
The percentage content of organic matter in the collected sediments significantly varies. The minimum value of 0.046% was observed for the sediment at the station located at the mouth of the Vistula River, which is characterized by the erosive type of the sea bottom. Dynamic water masses in this area, prevent inert sedimentation and accumulation, but they may cause intensive resuspension of the deposited material. The highest organic matter content (21%) was recorded at station 3, which is situated in the Gdańsk Deep. This value coincides with the literature data for the sediments collected in the same area (Łukawska-Matuszewska & Bolałek 2008 , Pazdro 2004 . A high percentage of organic matter was also determined for the sediments collected at station 31 located in the close proximity of the Vistula River mouth, which discharges a large load of organic matter into the Gulf of Gdańsk, thus leading to an increase in their content in bottom sediments.
As evidenced by the analysis of the variability of these parameters in the sediment profile, there was a decrease in the organic matter content in the deeper layers, similar to that observed in other studies (Niemirycz & Jankowska 2011 , Graca 2006 .
According to the hypothesis, the level of sediment concentration is strongly associated with the particle size distribution, the chemical composition of sediments and the properties of the bottom water. The calculated correlation coefficient between the selected variables revealed a strong significant correlation (r = 0.76; p<0.05) between the concentration of PCP, and the percentage of fraction ɸ<0.0625 mm (Fig. 8) .
Considering non-parametric distribution of PCP concentrations in sediments, Spearman's rank correlation test was used to verify the PCP concentration -the relation between sediments and bottom-water parameters (Table 6 ). The analysis included bottom water parameters, therefore the concentration of PCP refers only to the surface sediment layer (0 -5 cm). The test showed a statistically significant relationship between the concentrations of PCP − percentage of water and organic matter content (r = 0.45), reverse correlation between PCP and pH, and Eh of bottom water (r = -0.47; r = -0.51 respectively). Additionally, the test revealed a statistically significant correlation between the toxicity of sediments and pH of bottom water, and confirmed no significant correlation between the toxicity and the concentration of PCP. The observed relation between toxicity and pH of bottom water may be associated with the presence of hydrogen sulfide formed when sulfur compounds become an electron acceptor as a results of oxygen deficit (Stephenson 1992) . This phenomenon may be further enhanced by the exceptional sensitivity of Vibrio fisherii to sulfur compounds (Ricking et al. 2002 , Calace et al. 2005 .
CONCLUSIONS
• Concentration of PCP in bottom sediments of the Gulf of Gdańsk reached the maximum value equal to 179.31 ng g -1 d.w. This level of contamination with PCP considerably exceeded the PNEC value (Predicted No Effect Concentration) estimated for the Baltic Sea sediments by Muir & Eduljee (1999) was determined in sediments from the stations characterized by a steep bottom slope, which enhances the process of transportation and accumulation.
• The research based on statistical tests proved a significant influence of physico-chemical characteristics of sediments and bottom water from the Gulf of Gdańsk on the concentration of PCP. A significant correlation with the oxidation-reduction potential (Eh), pH, oxygen saturation, organic content (%) indicates a possible accumulation of PCP and other hazardous halogenated compounds in the sediments from certain areas of the Gulf of Gdańsk.
• Maximum concentrations of PCP were noted in the Gulf of Gdansk at stations characterized by the accumulative type of the sea bed, where high concentrations of metals, such as mercury and lead, have also been observed. • In the zone of the Vistula River mouth, an increase in the concentrations of PCP in sediments have been recorded.
• Vertical distribution of PCP concentration in the sediment from the region of the Gdańsk Deep confirms the variability reported by previous studies (2011) for the dioxin congener HpCDF.
A significant achievement of the conducted study is the development of efficient methodology for the determination of pentachlorophenol in solid samples at the satisfactory low limit of detection (<1 ng g -1 ), which enabled us to obtain the first data on PCP concentrations in bottom sediments of the Polish zone of the Baltic Sea. 
